1. Introduction {#s0005}
===============

Necrosis characterized by irreversible loss of plasma membrane integrity is a distinguished feature of many pathological conditions such as cancer, cardiovascular diseases, neurodegenerative disorders, autoimmune diseases and others[@bib1]. And necrosis is also one of the major risk factors for accelerated deterioration of diseases[@bib2], [@bib3]. The ongoing efforts have been put into understanding the role of cell necrosis in a range of diseases and therapeutics[@bib4], [@bib5]. But to date, few appropriate cell necrosis imaging probes have been reported for clinical use in human.

Necrosis-avid agents (NAAs) which can selectively accumulate in the necrotic tissues are expected for both imaging and therapeutic applications[@bib6], [@bib7]. Radiolabeled NAAs have been used as markers for noninvasive 'hot-spot imaging' to localize necrotic tissues such as myocardial infarction[@bib8]. They provide a clear-cut distinction between viable and necrotic myocardium, which is crucial for myocardial viability determination and subsequent therapeutic decisions in clinical cardiology[@bib9]. On the other hand, radioiodinated NAAs, which are preferentially taken up in tumor necrosis induced by antineoplastic drugs[@bib10], [@bib11], [@bib12], emit radiation to kill and/or restrain adjacent residual cancer cells[@bib13].

Porphyrin-based NAAs are still studied in preclinical experiments by different research centers[@bib14], [@bib15]. Some porphyrin derivatives with superb necrosis targetability have been applied for visualization of necrosis including brain infarction and lesions of radiofrequency ablation (RFA). However, their clinical utility was limited by phototoxicity, unsatisfactory clinical tolerance and other potential side effects[@bib16]. Hypericin (Hyp) has been recognized as one of the NAAs that exhibit a peculiar affinity for necrotic tissue. Nevertheless, Hyp is nearly insoluble in water and most nonpolar solvents, and shows unwanted retention in organs of the mononuclear phagocyte system (MPS)[@bib17]. It will take a long time for Hyp to be used in clinical. Therefore, there is a pressing need for seeking safe and effective necrosis targeting probes with theragnostic purposes.

Evans blue (EB) is an artificial dye that may emit a bright red fluorescence as implied by its structure ([Supplementary Information Fig. S1](#s0165){ref-type="sec"}a)[@bib18], [@bib19]. Interestingly, agricultural researchers apply EB staining to characterize maize endosperm cell death and identify key differences related to premature endosperm degeneration[@bib20]. As a rapid and reproducible method, EB can stain damaged or dead cells in the plants[@bib21], [@bib22]. In general, cell death in animals or in plants share many similar morphological and biochemical characteristics[@bib23]. Moreover, EB has been used clinically as an intravenously injectable dye for determining the total blood volume in human, even in pregnant women and newborn babies, without adverse reactions[@bib24], [@bib25]. Hence, we hypothesized that EB as a safety compound may exhibit necrosis targeting properties and could be applied for necrotic tissue imaging in animals.

The disruption of cytomembrane of necrotic cell results in the exposure of genomic DNA, which becomes the target of NAAs[@bib26]. The previous study revealed that the planar-structured compounds have the potential to intercalate with double stranded DNA by forming stable complexes[@bib27]. Therefore, we speculate that EB may target on the necrotic tissues by binding with DNA exposed on the necrotic cells.

In this study, necrosis targetability of ^131^I-EB was evaluated by tissue *γ* counter, autoradiography, fluorescence microscopy and histochemical staining in rat reperfused liver infarction (RPLI). Nuclear extraction, fluorescence microscopy, DNA binding and blocking experiments were designed to examine EB necrosis targeting mechanism on cellular/tissue level.

2. Materials and methods {#s0010}
========================

2.1. Materials and reagents {#s0015}
---------------------------

Sprague--Dawley rats (SD, male, 260--280 g) were provided by the Experimental Animal Center of Academy of Military Medical Sciences. All experimental protocols were approved by the Ethical Committee of Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing University Medical School. The care and treatment of all animals were maintained in accordance with NIH publication No.85-23 (revised in 1996) on "Principles of laboratory animal care". EB was commercially available from Sigma Chemical Co. (St Louis, MO, USA) with purity greater than 98%. Sodium iodide\'s (Na^131^I) radionuclidic purity was \>99% and specific activity was 555 MBq/mL, which was supplied by HTA Co., Ltd. (Beijing, China).

2.2. Labelling of EB by ^131^I {#s0020}
------------------------------

The iodogen coating method was conducted successfully in this study. Radioiodination was carried out by adding Na^131^I solutions and EB (1 mg/mL) (volume ratio, 1:4) into iodogen (1,2,4,6-tetrachloro-3*α*,6*α*-diphenylglycoluril; Sigma, St. Louis, MO, USA) tube (containing 100 μg of iodogen). The compound was shaken and incubated for 6.5 h at 70 °C, and terminated by removal of reaction solution. Radiochemical purity (RCP) of ^131^I-EB was determined by thin layer chromatography (TLC).

2.3. In vitro stability study of the radiotracer {#s0025}
------------------------------------------------

^131^I-EB was incubated in rat serum (1:9 volume ratio) at 37 °C. At the time points of 0.5, 4 h, 1, 2, 3, and 8 day, respectively, the radiolabeling stability was determined by TLC.

2.4. Animal models of necrosis {#s0030}
------------------------------

All animals were given 0.1% potassium iodide in drinking water from 3 days before the experiment till the end of experiment to protect the thyroid gland from taking up free ^131^I.

The models of RPLI and absolute ethanol induced muscular necrosis were prepared according to a previously introduced method[@bib28], [@bib29].

RPLI model. SD rats (*n*=23) were anesthetized by intraperitoneal injection of chloral hydrate at a dose of 0.3 g/kg. Under laparotomy, reperfused liver infarction were induced by temporarily clamping the hilum of the right liver lobe for 3 h. After reperfusion by declamping hepatic inflow and by giving massage to the liver lobe, the abdominal cavity was closed with two-layer sutures.

Muscular necrosis model. Model rats of reperfused liver infarction and six health rats were intramuscularly injected with 0.2 mL absolute alcohol in the left leg to establish chemically induced muscular necrosis. All rat models were allowed to recover for at least 8 h after the procedure.

Detailed experimental procedures in the study are illustrated in [Supplementary data Fig. S1](#s0165){ref-type="sec"}b.

2.5. Magnetic resonance imaging examination in vivo {#s0035}
---------------------------------------------------

Magnetic resonance imaging (MRI) was used to determine whether or not the necrosis model was successful and to determine the dimension and location of necrosis. At 24 h, three rats with reperfused liver infarction and absolute ethanol induced muscular necrosis were anesthetized with isoflurane by using a small-animal gas anesthesia machine (Matrix VMP; GENE&I, Beijing, China), and placed in a wrist coil for MRI scanning at a 1.5 T whole body MRI scanner (GE, Milwaukee, WI, USA). MRI with T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), diffusion-weighted imaging (DWI), and contrast-enhanced T1WI (CE-T1WI) sequences were performed, and gadolinium-based agent Magnevist (469.01 mg/mL, Bayer Schering Pharma AG, Berlin, Germany) was injected intravenously at 0.1 mL per rat for contrast enhancement.

2.6. Tracer administration {#s0040}
--------------------------

The model rats were injected with ^131^I-EB (14.8 MBq/kg) dissolved in PBS solutions through a tail vein for biodistribution and targetability studies.

2.7. Pharmacokinetics {#s0045}
---------------------

Six healthy rats were intravenously injected with ^131^I-EB (14.8 MBq/kg) dissolved in PBS solutions. Then 10 μL blood were collected by slitting the tail at 5, 10, 30 min, 1, 2, 4, 6, 8, 12, 24 and 48 h, respectively. The radioactive counts of blood samples were measured with the automatic *γ* counter (WIZARD 2470; Perkin Elmer, Massachusetts, USA), and corrected for physical decay and background radiation. The results were calculated and expressed as MBq per liter.

2.8. Radiobiodistribution, autoradiography and histopathological staining {#s0050}
-------------------------------------------------------------------------

Twenty model rats with reperfused liver infarction and absolute ethanol induced muscular necrosis were allotted into experimental groups of four time points (*n*=5 each) by randomization. ^131^I-EB formulation was intravenously injected through the tail vein under anesthesia, and model rats were sacrificed at 12, 24, 72 h and 8 day, respectively. Organs of interest (blood, brain, thyroid, lung, heart, spleen, kidney, stomach, pancreas, small intestine, large intestine, skeleton, skin, normal liver, necrotic liver, normal muscle and necrotic muscle) were dissected and weighed, and then radioactive counts of organs were measured using an automatic *γ* counter. Percentage of the injected dose per gram of tissue (%ID/g) was calculated. Corrections were made for physical decay and background radiation during counting.

The frozen necrotic/normal liver and partially necrotic muscle at each time point were cut at −20 °C into 30 μm serial sections with a cryotome (Shandon, Thermo Fisher Scientific, Waltham, MA, USA) and exposed 3 h to a high-performance storage phosphor screen (Cyclone; Canberra-Packard, Ontario, Canada). The screen was read using a Phosphor Imager Scanner (Cyclone; Canberra-Packard, Ontario, Canada) and digitally photographed with Optiquant software (Pacard, Packard Meriden, CT, USA). Afterwards, these sections were stained with haematoxylin-eosin (H&E) using the conventional procedure for co-localization of histological findings and autoradiography.

2.9. Fluorescence microscopy {#s0055}
----------------------------

Necrotic/normal liver and partially necrotic muscle was excised and cut into cryostat slices (5 μm). These slices were examined using a fluorescence microscopy equipped to acquire fluorescence images (AxioCam HR, Carl Zeiss, and Göttingen, Germany) with a light microscope using 200× magnifications in combination with computer-assisted image analysis software (Axiovision, Zeiss). For analysis, three measurements were performed for every destabilization time and mussel. Photomicrographs were taken under a bright or fluorescent field and subsequently the same sections were stained with H&E and photographed for comparison of detailed morphology. Fluorescence emission intensity was recorded at *λ*~ex~=620 nm and *λ*~em~=680 nm.

2.10. Cell culture {#s0060}
------------------

A human non-small cell lung cancer line A549 obtained from American Type Culture Collections (ATCC, Manassas, VA, USA) were subcultured in RPMI-1640 medium supplemented with 10% calf serum, penicillin (100 U/mL) and streptomycin (100 μg/mL) in a 5% CO~2~ atmosphere at 37 °C. All reagents for cell culture were obtained from KeyGEN Biotech (Nanjing, China).

2.11. Flow cytometry {#s0065}
--------------------

The percentage of necrotic cells was estimated by staining with annexin V-FITC/propidium iodide (PI) kit (Becton Dickinson, Franklin Lakes, NJ, USA). A549 cells at a concentration of 1×10^6^ cell/mL were incubated under intense hyperthermia (57 °C) for 1 h to induce necrosis. A549 cells without hyperthermia treatment were used as a control. The cells were analyzed on a FACSCalibur benchtop flow cytometer and data were acquired with Cell Quest acquisition software, version 3.3 (Becton Dickinson Biosciences, San Jose, California). All fluorescence measurements were made on a four-decade log scale.

2.12. Nuclear extraction and fluorescence microscopy experiment {#s0070}
---------------------------------------------------------------

A549 necrotic and viable cells were incubated with ^131^I-EB (50 μmol/L) for 15 min and 12 h at room temperature. Nuclear extracts were prepared by using a nuclear extraction kit (KGA826，KeyGEN Biotech, Nanjing, China) according to the manufacturer\'s instruction. The radioactive counts of nuclear and other components were measured with the automatic *γ* counter.

Fluorescence microscopy used to demonstrate the performance of EB in necrosis and viable cells. A549 cells were seeded (5×10^4^/well) in a 12-well plate (Corning lnc., Corning, New York, USA) supplemented with RPMI-1640 medium containing 10% calf serum. Necrosis was induced by above-mentioned method for 1 h. Necrosis and viable cells were incubated with EB (50 μmol/L) for 30 min at room temperature, and then, EB was replaced with 500 μL of PBS solution plus and 5 μL of 50 μg/mL PI (red fluorescence) and 10 μL of 1 mg/mL Hoechst 33342 (blue fluorescence, Becton Dickinson, Franklin Lakes, NJ, USA), and cells were incubated for 20 min. PI only stains the nuclei of necrotic cells and Hoechst 33342 stain both viable cell and necrotic cell nuclei. The cells were immediately visualized by using a Zeiss Axio Observer (AxioCam HR, Carl Zeiss, and Göttingen, Germany) with a light microscope using 400 × magnifications in combination with computer-assisted image analysis software (Axiovision, Zeiss). Observed at 488/617 nm excitation and 350/461 nm of PI and Hoechst 33342 excitation/emission wavelength under the microscope. For analysis, three measurements were performed for every destabilization time and mussel.

2.13. Interaction with calf-thymus DNA {#s0075}
--------------------------------------

Calf-thymus DNA (CT-DNA, Sigma, St. Louis, MO, USA) solution were prepared by dilution of CT-DNA to Tris-HCl buffer (5 mmol/L Tris-HCl/50 mmol/L NaCl buffer, pH 7.4) followed by exhaustive stirring at 4 °C for three days. The solution of CT-DNA gave a ratio of UV absorbance was determined by Cary 5000 spectrophotometer (Varian, Australia) at 260 and 280 nm (*A*~260~/*A*~280~) of 1.8:1--1.9:1, indicating that the CT-DNA was sufficiently free of protein. The concentration of CT-DNA was determined by the UV absorbance after 1:10 dilution using *ε*=6600 L/mol.cm at 260 nm[@bib30].

2.14. Competitive study with ethidium bromide {#s0080}
---------------------------------------------

The competitive studies of EB with ethidium bromide (well-known DNA intercalating agent) have been investigated with fluorescence spectroscopy was determined by Cary eclipse fluorescence spectrophotometer (Agilent Technologies) in order to examine whether the compound can displace ethidium bromide from CT-DNA-ethidium bromide complex. Due to strong intercalation between the adjacent DNA base pairs, ethidium bromide emits intense fluorescence light in the presence of CT-DNA[@bib34]. The fluorescence spectra (*λ*~ex~=530 nm, *λ*~em~=604 nm) were recorded at 25 °C and EB solution with original concentration of 6.0×10^−4^ mol/L were added into 2.5 mL CT-DNA-ethidium bromide solution (CT-DNA=6.0×10^−5^ mol/L) to get the concentration ratio of EB/CT-DNA-ethidium bromide varying from 0 to 7/30 respectively. The relative binding ability of the compound with CT-DNA was determined by classical Stern--Volmer equation [@bib31].$$I_{\text{0}}\text{/}I{\  = 1 +}K_{\text{s}\text{v}}\ \ \text{[compound]}{}$$where *I*~0~ and *I* are the fluorescence intensity in absence and presence of the quencher, *K*~sv~ is the Stern--Volmer quenching constant, and \[compound\] is the concentration of the EB.

2.15. UV--vis spectroscopic studies {#s0085}
-----------------------------------

The interaction of EB with CT-DNA has been studied with UV--vis spectra in order to investigate the possible binding modes to CT-DNA. Increasing concentrations CT-DNA was micropipetted directly into a 1.0 cm cell containing 1.0×10^6^ mol/L EB (total volume 2.5 mL), and the reaction was performed at 25 °C. The synchronous UV--vis spectra were recorded by scanning both 480--720 nm wavelengths simultaneously.

2.16. Self-blocking experiment {#s0090}
------------------------------

Rats model of muscular necrotic (*n*=3 for each group) were intravenously *via* the tail vein with approximately 3.7 MBq (100 μCi) of ^131^I-EB with or without ∼10 mg/kg of EB and then was sacrificed at 24 h. Tissues of interest were weighed and the radioactivity was measured with a *γ*-counter. Corrections were made for background radiation and physical decay. The results were presented as percentage of the injected dose per gram of tissues (%ID/g). And then, the tissue were cut at −20 °C into 30 μm serial sections with a cryotome and exposed 6 h to a high-performance storage phosphor screen. The screen was read using a Phosphor Imager scanner and digitally photographed with Optiquant software. Afterwards, these sections were stained with H&E using the conventional procedure for co-localization of histological findings and autoradiography. These slices were examined using a fluorescence microscopy equipped to acquire using a Zeiss Axio Observer with a light microscope using 200× magnifications in combination with computer-assisted image analysis software. For analysis, three measurements were performed for every destabilization time and mussel.

2.17. Statistical analysis {#s0095}
--------------------------

Quantitative data were averaged by groups and expressed as mean±standard deviation. Pharmacokinetic parameters were determined by using Drug and Statistics for windows 2.0 software, SPSS Inc., Chicago, IL, USA. Between-group or data from tissues of interest were compared by one-way analysis of variance using Student\'s *t*-test and *P*\<0.05 was considered statistically significant.

3. Results {#s0100}
==========

3.1. Radiolabeling and in vitro stability study {#s0105}
-----------------------------------------------

The radiolabeling method was simple and successfully conducted in this study. Radiolabeling yields were \>95% for ^131^I-EB as determined by TLC analysis ([Supplementary information Fig. S2](#s0165){ref-type="sec"}). *In vitro* stability of ^131^I-EB stored in rat serum at 37 °C was over 90% up to 8 days.

3.2. Magnetic resonance imaging examination {#s0110}
-------------------------------------------

As proven by *in vivo* MRI, RPLI and muscle necrosis models were successfully established for this experiment as seen in [Fig. 1](#f0005){ref-type="fig"}. The necrotic liver lobes appeared homogeneously isointense on T1WI, and hyperintense on T2WI, DWI and CE-T1WI images relative to the normal liver. The necrotic tissue in the left hind leg showed slightly hyperintense on T1WI and hyperintense on T2WI, DWI and CE-T1WI images compared to the healthy leg. EB stained infarcted liver lobes and necrotic muscle in dark blue, indicating special affinity for necrosis as shown by gross section ([Fig. 1](#f0005){ref-type="fig"}a and b).Figure 1The rat *in vivo* MRI images of necrosis in reperfused liver infarction and muscle necrosis models. The first row was T1WI, T2WI, DWI and CE-T1WI weighted MR images and macroscopic photographs with the necrosis liver lobe (arrow) and the second row was that of muscle necrosis area (arrow). The liver lobe with reperfused liver and necrotic muscle appeared higher signal on T2WI, DWI and CE-T1WI images. Evens blue appeared blue uptake in the infarcted right liver lobe (a) and necrotic muscle (b), indicated by arrows. (*n*=3).Figure. 1

3.3. Pharmacokinetics {#s0115}
---------------------

The concentration--time curve of blood from 0 to 48 h was illustrated in [Supplementary information Fig. S3](#s0165){ref-type="sec"}. Pharmacokinetics parameters determined by non-compartmental model were summarized in [Table 1](#t0005){ref-type="table"}. In normal rats, *t*~1/2z~ of ^131^I-EB was 24.40±3.64 h after i.v. injection. The long half-life could facilitate delivering a high concentration of ^131^I-EB into the necrotic area.Table 1Pharmacokinetic parameters of ^131^I-EB dissolved in PBS solutions after i.v. administration at 14.8 MBq/kg in normal rats.Table 1ParameterUnitValue for normal ratAUC~0--*t*~MBq/L ·h564.82±27.55AUC~0--∞~MBq/L ·h737.28±62.32*t*~1/2z~h24.40±3.64*T*~max~h0.083±0CLzL/h/kg0.021±0.004*C*~max~MBq/L96.84±10.05[^2]

3.4. Biodistribution {#s0120}
--------------------

[Fig. 2](#f0010){ref-type="fig"} exhibits biodistribution data after administration of ^131^I-EB at different time points. The radioactivity reached their highest values at 12 h and significantly reduced with time after administration in normal tissue, especially in normal liver, spleen, and kidney. ^131^I-EB uptakes in necrotic liver and muscle reached the highest level at 24 h. The data indicate that radioactivity within necrotic tissues maintained at relatively steady levels from 24 h to 8 days. The target efficiency or the ratios of necrotic liver and muscle over normal liver and muscle was 3.41 and 11.82 at 24 h, respectively. We observed that the accumulated radioactivity decreased more slowly in necrotic tissue than normal organs. Even at 8th day, the ratio of uptakes in the necrotic muscle was still 7.43 times higher than in the normal muscle.Figure 2Biodistribution of ^131^I-EB studies in reperfused liver infarction with muscle necrosis rats as a function of time (*n*=5, each time point). The injection dose of ^131^I-EB is 14.8 MBq/kg, 2.0 mg/kg. Data are expressed as percentage injected dose per gram of tissue (% ID/g) ±SD. (*n*=20).Figure. 2

3.5. Autoradiography {#s0125}
--------------------

[Fig. 3](#f0015){ref-type="fig"} shows the images of autoradiography and stained histopathology slices of necrotic and normal liver and partially necrotic muscle. Low tracer uptake is found in the haematoxylinophilic healthy liver (purple colored on H&E staining), whereas high tracer uptake appeared in the eosinophilic necrotic parts (pink colored on H&E staining). Consisting with the biodistribution results, these findings indicate that ^131^I-EB mainly retained in the necrotic region. Determined by autoradiography at 24 h after intravenous injection of ^131^I-EB, radioactivity ratios of necrotic to normal tissue amounted up to 4.26 and 10.2 in the liver and muscle, respectively.Figure 3Autoradiograph and corresponding contrast-enhanced H&E images of 30 μm necrosis liver (left), normal liver (middle) and partially necrosis muscle (right) slices at 12, 24, 72 h and 8 days after i.v. injection of ^131^I-EB (14.8 MBq/kg). The upper images were taken from autoradiography. The red parts were regions of high tracer uptake and the blue and yellow parts were regions with lower tracer uptake. The under images were taken from H&E stained sections. The dark purple regions were viable area (V) and the light pink parts were necrotic area (N).Figure. 3

3.6. Fluorescence microscopy {#s0130}
----------------------------

Selective retention of EB in necrotic tissues up to 8 days was demonstrated by fluorescence microscopy as shown in [Fig. 4](#f0020){ref-type="fig"}. The topographic distribution of the fluorescence intensity matches with that of the necrotic tissue distinguished by H&E staining. High fluorescence intensity appears only in the necrotic tissue, whereas low fluorescence intensity is found in the viable tissue.Figure 4Photomicrography of 5 μm frozen liver slices containing reperfused liver (left) and muscle slices containing absolute ethanol induced necrosis (right) from the model rats at 12, 24, 72 h and 8 days after intravenous injection of EB (2.0 mg/kg), respectively. Fluorescence emission intensity was recorded at *λ*~ex~=620 nm and *λ*~em~=680 nm. Corresponding unstained (upper), fluorescence (middle) and H&E stained (under) pictures: N=necrotic area, V=viable area. Scale bar=50 μm.Figure. 4

3.7. Analysis of necrosis by flow cytometry in vitro {#s0135}
----------------------------------------------------

The targeting performance of EB in dying cells was tested with A549 cells. Hyperthermia treatment successfully induced necrosis of A549 cells. Flow cytometry demonstrated that untreated A549 cells (control cells) showed 4.12% of necrosis. Under 57 °C hyperthermia condition, the percentage of necrotic cells was 64.75% ([Fig. 5](#f0025){ref-type="fig"}).Figure 5After co-staining with Annexin V-FITC and PI, untreated cells and necrosis cells were analyzed by flow cytometry to measure the percentage of necrotic cells. Necrotic cells were on the upper right gate and viable cells were on the lower left gate. Fluorescence microphotographs were acquired with necrotic cells and untreated cells after stain with EB, Hoechst 33342 and PI. EB were mainly situated in the cytoplasmic membrane of viable cells (top row) and were mainly located in the nucleus region of necrotic cells (bottom row). Scale bar=50 μm.Figure. 5

3.8. Nuclear extraction and fluorescence microscopy experiment {#s0140}
--------------------------------------------------------------

Nuclear extraction indicated that the uptake of EB in necrotic cell nuclei were 82.3% and 79.2% *in vitro* at 15 min and 2 h. Fluorescence microscopy was employed to trace distribution of EB in the necrotic and viable A549 cells ([Fig. 5](#f0025){ref-type="fig"}). The necrotic cells were co-stained with nuclear dyes (Hoechst 33342 and PI) before incubated with EB (bottom row). Viable cells were not stained with EB and PI (top row). The co-localization images suggested that EB was specifically located in the nuclei of necrotic cell.

3.9. DNA binding study using fluorescence and UV--vis spectroscopy {#s0145}
------------------------------------------------------------------

Fluorescent emission study of CT-DNA-ethidium bromide in the absence and presence of EB was shown in [Fig. 6](#f0030){ref-type="fig"}. As the concentration of EB increased, the fluorescence intensity was largely decreased. Such a characteristic change (*K*~sv~=5.08×10^5^ L/(mol/L)) is often observed in the typical intercalative interaction between compounds and DNA. The maximum UV--vis absorption wavelength of the EB occurs in 608 nm. With the addition of CT-DNA, the above bands corresponding to EB showed significant hypochromism accompanied with a red shift, indicating the intercalative interaction between EB and CT-DNA. The UV--vis titration curves were showed in [Supplementary information Fig. S4](#s0165){ref-type="sec"}.Figure 6Fluorescence emission spectra (λ~ex~ = 530 nm) of the CT-DNA-ethidium bromide (C~DNA~ = 4.8 × 10^-5^ mol/L) in the presence of increasing amounts of EB (0, 1.2×10^-6^, 2.6×10^-6^, 4.3×10^-6^, 6.0×10^-6^, 8.4×10^-6^, 1.0×10^-5^, 1.3×10^-5^, 1.6×10^-5^ mol/L). Arrows show the changes in fluorescence intensity with respect to an increase in the concentration.Figure. 6

3.10. Self-blocking experiment {#s0150}
------------------------------

As shown in [Fig. 7](#f0035){ref-type="fig"}a, excessive cold EB significantly reduced the uptake of ^131^I-EB in necrotic muscle (0.47±0.07%ID/g) compared to the non-blocking group (1.35±0.22%ID/g) (*P*\<0.01), which indicated that about 65% of the radioactivity was blocked by EB. The results were further confirmed by autoradiography and corresponding H&E staining in [Fig. 7](#f0035){ref-type="fig"}b. Autoradiography showed that high ^131^I-EB uptake appeared only in the necrotic parts (pink colored on H&E images staining), which was consisted with the results of biodistribution. This suggests that ^131^I-EB and cold EB may have the same specific targets of necrotic tissues.Figure 7^131^I-EB (14.8 MBq/kg, 2 mg/kg) was blocked by excessive EB (10 mg/kg) in necrotic muscle model rats. (A) Uptake of ^131^I-EB in no-blocked and 10 mg/kg EB blocked necrotic muscle. The results are presented as %ID/g 24 h after coinjection (*P*\<0.01). (B) Autoradiograms (upper panels), corresponding H&E images (middle panels), and micrograph (lower panels) of partially necrotic muscle sections. No-blocked (^131^I-EB) partially necrotic muscle (a1--a3); 10 mg/kg EB (^131^I-EB+EB) blocked partially necrotic muscle (b1--b3). (*n* = 6, Scale bar=50 μm).Figure. 7

4. Discussion {#s0155}
=============

In the present study, we investigated the necrosis avidity of EB in search for candidates with necrosis targetability from clinical medicines. The results indicated that ^131^I-EB could specifically bind to necrotic tissues and image necrosis in living animals. Furthermore, the necrosis targeting mechanism of EB might be attributed to its binding ability with exposed DNA in necrotic tissues.

Necrosis avidity of ^131^I-EB was corroborated at the cellular and whole animal level. The *in vitro* cells binding assays demonstrated that the uptake of ^131^I-EB in necrotic cells was higher than that in viable cells. Comparison of *ex vivo* autoradiography with corresponding H&E staining indicated that the uptakes of ^131^I-EB in the infarcted liver lobe and necrotic muscle were much higher than that in the non-infarcted liver lobe and normal muscle, respectively. These findings are consistent with that of tissue *γ* courting. Moreover, both the co-localization of fluoromicroscopic images and corresponding H&E staining confirmed that the red fluorescence of ^131^I-EB was mainly located in the necrotic tissues. All the above results proved that ^131^I-EB has avidity for necrotic tissue.

The mechanism that EB targets the necrotic tissues may be due to its binding ability with exposed DNA in the necrotic tissues. Cell necrosis enables the disruption of the cell membrane and the release of the cellular contents, *e.g*., genomic DNA[@bib32], which become the targets for NAAs. Previous studies have demonstrated that the planar-structured compounds have the potential ability to intercalate into double stranded DNA by forming stable complexes[@bib32], [@bib33], [@bib34]. Considering that EB is a nearly planar compound which consists of two azo-naphthalene-disulfonates, it may have the ability to interact with DNA. Our present study showed that the binding constant of EB with CT-DNA was 5.08×10^5^ L/(mol/L), which was 400 times more than that of 2-aminoanthraquin (1.25×10^3^ L/(mol/L)), a well-known DNA intercalating agent[@bib35]. This demonstrated that EB has strong binding affinity toward DNA. We further applied the UV--vis spectroscopy experiment to confirm that EB could bind to DNA by intercalate mode. Cell nuclear extraction and fluorescence microscopy experiments demonstrated that EB was mainly located in the nuclear region of necrotic cells. Taken together, it can be deduced that EB can accumulate in necrotic tissues probably by binding with exposed DNA.

In previous study, EB has been found to bind to the serum albumin and form macromolecular compounds, which inhibits its passage into living cells or across the blood vessel[@bib18]. Therefore, EB was applied to assess the integrity of the blood--brain barrier or vascular permeability in clinical applications[@bib36]. We herein demonstrated that EB could target to the necrotic tissues by binding to the exposed DNA for the first time, suggesting EB has a potential application for imaging of necrosis related diseases or tumor therapy if labeled by corresponding radionuclide.

Exposed DNA released from the necrotic tissues is an ideal, specific and stable target for necrosis imaging and tumor therapy. Generally, the intracellular DNA concentration is in the millimolar range, therefore high concentrations of DNA are probably produced in the extracellular space of tissue with high levels of necrosis[@bib26]. At the same time, the DNA chain contains a large number of base pairs, which could provide rich binding sites for DNA intercalators such as EB and ethidium bromide[@bib37]. Although sometimes DNA can be detected in the blood under pathological conditions, the concentration of DNA in the blood is still significantly lower than in necrotic tissue because of the presence of serum nucleases and the large blood volume[@bib26].

Currently, the majority of radiopharmaceuticals are designed to bind to the receptors or antigens overexpressed on the viable tumor cells. However, tumor heterogeneity leads to inhomogeneous distribution of targeted drugs in tumor, which reduces the uptake and limits the treatment effectiveness of the medication[@bib38]. Since spontaneous necrosis or necrosis induced by antineoplastic drugs always appears in the tumors, the exposed DNA in necrotic tumor becomes a more stable and generic target with less heterogeneity and drug resistance[@bib39]. Accordingly, better diagnosis and curative effect can be achieved by the drugs targeting to the exposed DNA.

As a highly water-soluble and safe necrosis avid compound, ^131^I-EB would have potential clinical applications in imaging necrosis. ^131^I-EB can be dissolved in PBS or saline for intravenous injection in animals and humans. In contrast, most NAAs including ^131^I-hypericin[@bib6] and ^131^I-sennidin A[@bib40] are water-insoluble and must be dissolved in organic solvents such as dimethylsulfoxide (DMSO). However, DMSO as a genotoxic solvent is not suitable for clinical applications[@bib17]. What\'s more, EB has been used to determine the total blood volume in clinical without any adverse reactions, even in pregnant women and newborn babies[@bib41], [@bib42].

Intense color of EB could be used for precise boundary delineation of the necrotic lesions, which is crucial for clinical diagnosis and surgical treatment. For example, EB staining might help to make a clear-cut distinction of pancreatic necrosis and normal tissue during the operation of pancreatitis, which would be helpful for guiding the doctor to completely remove the necrotic tissues to achieve the therapeutic purpose. In contrast, if the necrotic pancreas could not be completely resected in surgery, it would eventually cause further deterioration of the pancreas and fatal danger[@bib43]. Similarly, as a low-cost, technically simple and reliable staining method, EB staining may be applied to delineate and obtain the necrotic tissue sample in animal experiments.

Although ^131^I-EB can specifically bind to necrotic tissues, there are some problems need to be solved such as its high accumulation in normal liver. Intense hepatic uptake may affect the imaging quality of abdomen disease (*e.g*., pancreatic necrosis) and heart disease (*e.g*., myocardial infarction)[@bib29]. At the same time, high doses of ^131^I-EB in the liver will cause radiation damage, which was demonstrated by short- and long-term clinical observation[@bib44]. The high accumulation of ^131^I-EB in liver may be attributed to its *π*-conjugated planar structure, which has the tendency to form aggregates in aqueous environment[@bib45] and retention in the MPS. In addition, previous study indicated that compounds with excess negative charge mainly accumulated in the liver after injection[@bib46], indicating that the negative charge of EB may also play a role in biodistribution. Accordingly, reducing the uptake of EB in the liver could be a starting point for further research.
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